INTRODUCTION
The Malay Basin Province (3703) consists of Tertiary transtensional extensional basins with at least two total petroleum systems: the Oligocene-Miocene Lacustrine Total Petroleum System (TPS)(370301) with lacustrine shale source and reservoir rocks (divided into two assessment units, South Malay Lacustrine assessment unit (AU)(37030101) and North Malay Lacustrine assessment unit (37030102)); and the Miocene-Coaly Strata Total Petroleum System (370302) with coal and coaly shale source and fluvial, deltaic, nearshore marine and offshore marine bar reservoirs (one assessment unit South Malay Coaly AU (37030201)). Source rocks began generating hydrocarbons in the middle Miocene at approximately 1,000 to 3,500 m burial depth. All potential 1 source rocks are over-mature in the center of the basin and under-mature at the edges.
Hydrocarbons are trapped in Middle to Late Miocene transpressional folds, drape anticlines, and some stratigraphic traps.
The U.S. Geological Survey assessment at the meanof the estimated quantities of conventional oil, gas and condensate that have the potential to be added to reserves by the year 2025 for this province is 1 billion barrels of oil (BBO), 21.9 trillion cubic feet of gas (TCFG), and 410 million barrels of natural gas liquids (BBNGL) for the South Malay The province has produced more than 1.6 billion barrels of oil equivalent hydrocarbon (BBOE) and has the potential for recovery of known reserves of more than 12 BBOE (Petroconsultants, 1996) .
The Malay Basin is approximately 83,000 km 2 . The basin is approximately 500 km long and 200 km wide. Robinson (1985) estimated the volume of Tertiary sediments in the Malaysian portion of the basin at 338,000 km 3 with more than 9,150 m of Tertiary 2 sediments in some areas. However, more recent estimates suggest that more than 12 km of Oligocene and post-Oligocene sediments have filled the basin (Tjia, 1994; Ngah and others, 1996) . The Malay Basin trends northwest to southeast running almost perpendicular to the east/west trending Penyu Basin and the northeast/southwest trending West Natuna basins on its south and bends north/south at its northern end to parallel the Pattani Basin in the Gulf of Thailand (Hutchison, 1996) .
Basement rock rises to the northeast from greater than 12,000 m to less than 3,000 m depth toward Vietnam and southwest across the Western Hingline Fault to Peninsular Malaysia (Fig. 2) . The Western Hingeline fault zone marks the southwest margin of the basin, although the Dungun fault zone, a fault splay, forms a deep half graben further to the southwest (Ngah and others, 1996) . The Tenggol Arch separates the Malay Basin from the Penyu Basin to the south and the Narathiwat High protrudes from Peninsular Malaysia between the Pattani Basin and the Malay Basin ( Fig. 2 ) (Ngah and others, 1996 ). Basement rock is described from the southwestern margin of the basin as PermoCarboniferous metasediments and volcanics, Cretaceous granites, and possible
Cretaceous rift-fill (Liew Kit Kong, 1994) . In the northwest the basement consists of Mesozoic to Carboniferous carbonates and Mesozoic granites (Leo, 1997) .
The Khmer Trough or basin is a Tertiary half-graben rift basin located in the eastern Gulf of Thailand and at the northern extension of the Malay Basin Province (3703) (Fig. 2) . This half-graben is 150 km long and 60 km wide, trends north/south, and is bounded on the east by a west-dipping bounding fault. Tertiary sediments in the Khmer Trough are up to 8,000 m thick (Akihiko and others, 1997). This half-graben is 3 separated from the Pattani Trough in the Gulf of Thailand by the Khmer Ridge, the shoaling side of this half-graben.
Exploration History
In 1910, a discovery onshore initiated exploration efforts in Malaysia; offshore exploration started in 1957 (Ahmad Said, 1982) . Offshore discoveries, to date, have included gas in the Thai and northwest Malaysian part of the Malay Basin and oil and gas in the central and southern areas. The deepest well listed by Petroconsultants (1996) in the province is in the Tabu field at 4,735 m ( Fig. 1 ).
In 1969 ESSO began drilling in the Malay Basin and by 1975 significant quantities of oil and gas had been discovered in the Seligi, Pulai, Tapis and Bekok formations of Oligocene to Early Miocene age. The earliest oil was discovered in the Seligi, Tapis, Pulai and Bekok fields and gas in the Angsi, Besar and Belumut fields ( Fig.   1 ) (Ahmad Said, 1982) .
Drilling began in the Thai portion of the Gulf in 1971 and Bongkot was discovered in 1973 by Texas Pacific, who drilled 23 wells ( Fig. 1) (Leo, 1997) . Bongkot passed through the hands of the National Exploration and Production Oil Company of Thailand (PTTEP), to the partnership of Total, Statoil, British Gas, and PTTEP (Leo, 1997) .
Drilling began in the Khmer Trough portion of the province in 1974 and possible economic discoveries were found in 1994 (Petroconsultants, 1996) (Fig. 1) . Discoveries in this area are dominantly gas with some oil in Oligocene to Early Miocene deltaic sandstones in anticlinal traps (Petroconsultants, 1996) . Apsara-1, drilled in 1994, was
Cambodia's first discovery and the well flowed 300 to 400 barrels per day of oil and a 4 small amount of gas (Oil and Gas Journal, 1998) . Known estimated recoverable reserves in the Khmer Trough part of the province are from three discoveries and amount to 35 MMBOE (Petroconsultants, 1996) .
Three major tectonic episodes contributed to the current petroleum province of the Malay Basin region; 1) upper Eocene to Oligocene extension with left-lateral shear and major subsidence, 2) middle to upper Miocene north to south compression with reverse or right-lateral shear, folding, and inversion, 3) Pliocene to Holocene minor extension and gentle subsidence (Hutchison, 1996; Ng, 1987; Ngah and others 1996) .
Left-lateral shear during the late Eocene to Oligocene formed pull-apart basins and half grabens into which thick sedimentary sequences were deposited (Ngah and others 1996, and Tjia and Liew, 1996) . Expulsion of portions of continental Southeast Asia resulted from collision between the India plate and the Eurasia plate in the midEocene (Tjia, 1994, and Ngah and others, 1996) . This expulsion produced left-lateral shear on a southeastern extension of the Three Pagoda fault zone in the Malay Basin (a major fault system onshore Thailand) (Tjia, 1994; Ngah and others, 1996; Mazlan B. Hj. Madon, 1997) .
During the Miocene, differential expulsion of Southeast Asia occurred, due to the combined effects of northward and westward convergence of the India, Australia and Pacific plates. This expulsion reversed the motion of the fault zone to right-lateral wrenching along the Axial Malay fault (Tjia and Liew, 1996; Tjia, 1994; Ngah and others, 1996; Mazlan B. Hj. Madon, 1997) . The resulting compression and wrenching during the middle to late Miocene inverted the previous half-graben basins. The inversion increases from mildly inverted structures in the north to completely inverted 5 half grabens in the southern part of the basin (Mazlan B. Hj. Madon, 1997) . Inversion of the half grabens formed anticlinal folds. These folds trend east to west except in the southwest margin where the anticlines trend northwest to southeast and the northwest corner of the basin where the anticlines trend almost north to south (Ngah and others, 1996) . The anticlines are oriented the same as the underlying half graben (Ngah and others, 1996; Tjia and Liew, 1996) and are located in the thickest sedimentary section of the half-grabens. Folding of half-graben sediments occurs without apparent faulting (Cooper and others, 1989) . Wrench faulting occurred in the transpressive tectonic compressional episode. A period of erosion resulted in removal of perhaps 1,200 m of Miocene section, from the Malay Basin, prior to deposition of the overlying Pliocene sediments (Cooper and others, 1989) .
Compressional folding ceased in the earliest Pliocene (Cooper and others, 1989) .
Gentle subsidence and regional deposition of flat-lying marine clastics has continued across most of the region since the Early Pliocene (Tjia, 1994) . North striking normal faults perpendicular to the crests of the anticlines are the most recent tectonic element (Tjia, 1994) .
Deformation during the Tertiary was influenced by pre-Cenozoic features. A preTertiary, possibly Late Cretaceous, dome more than 500 km wide centered at the triple junction of the Malay, Penyu, and West Natuna Basins was proposed by Ngah and others (1996) . The particularly high heat flow at this junction may be due to an underlying mantle plume (Ngah and others, 1996) . The structural grain of Cenozoic tectonics parallels the tectonic grain of Late Triassic to Early Jurassic structure from onshore evidence (Ngah and others, 1996) . The north-northwest/northwest trends are parallel to 6 the Sundaland and Sumatra trends and the north/south trends to those of onshore Thailand.
Stratigraphy
The oldest basinal sediments are thought to be early Oligocene continental alluvial clastics filling graben basins and topography (Fig. 3) . The oldest grabens may contain late Eocene to early Oligocene sediments (Hutchison, 1996) . Recent seismic data indicates several kilometers of sediments beneath the known upper Oligocene strata suggesting initiation of the basin well before the Oligocene (Hutchison, 1996) .
Oligocene and lower Miocene reservoir rocks include coarse-to medium-grained fluvial and alluvial fan sandstones (Chu Yun Shing, 1992; Hutchison, 1996) . Lacustrine shales accumulated in many of the isolated graben (Hutchison, 1996) . The earliest sediments were derived locally from the margins of the half-graben basins. These lacustrine shales are interpreted to be the source rocks for oil, gas, and condensate in the Oligocene and lower Miocene reservoirs (Creaney and others, 1994; McCaffrey and others, 1998; Cole and Crittenden, 1997; Todd and others, 1997) .
According to the stratigraphic divisions used by ARCO, rocks of the upper Oligocene to lower Miocene M, L, K, and J Groups, are non-marine in origin ( Fig. 3 ) (Ngah and others, 1996, McCaffrey and others, 1998) . Marine influences in the basin began during deposition of the I Group ( Fig. 3 ) (Ngah and others, 1996 , McCaffrey and others, 1998 , and Tjia and Liew, 1996 .
Marine influence increased during the Miocene as the South China Sea generally transgressed the region from southeast to northwest (Leo, 1997) . Regional sources of clastics were located at topographic highs to the northwest, west and east. A major 7 fluvial system entered the region from near the present location of Bangkok, Thailand, and is called the paleo-Chao Praya river system (Leo, 1997) . The course of this paleoriver system flowed south during Oligocene and Miocene time, along the Pattani Trough and then southeast along the Malay Basin trend. It formed a large delta complex from about present day latitude 102°E to the shoreline of the contemporary South China Sea, approximately 106° E ( Leo, 1997) . The delta front and shoreline were perpendicular to the trend of the Malay Basin so that the southern end of the basin might be receiving marine shoreline deposits contemporaneous with fluvial deposits at the northern end.
Facies of the paleo-Chao Praya system comprise many of the reservoir rocks and coal and coaly shale source rocks.
In the middle to late Miocene, the West Natuna area was uplifted and became a major source of clastics transported northwest into the basin (Hutchison, 1996) . The
Khmer Trough remained in a continental fluvial depositional setting until the very late Miocene (Akihiko and others, 1997). Middle to upper Miocene rocks were deposited in deltaic to shallow marine settings and include coals and coaly shales. Tjia and Liew (1996) describe a maximum flooding surface (Fig. 3 ) that acts as a regional seal. Strata of the overlying middle Miocene H Group through upper Miocene D Group were deposited during alternating marine transgressions and regressions (Tjia and Liew, 1996) .
The transgressions formed several regional seals for the coal and coaly shale source rocks and reservoir rocks of this interval (McCaffrey and others, 1998) . Non-deposition and erosion occurred at the southeast margin at Pulani-1, and to the north and southwest (Ngah and others, 1996) .
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Generally transgressive deposits continued across most of the Malay Basin from late Miocene to Pleistocene (Tjia and Liew, 1996) . Most of the province was exposed to erosion during the Pleistocene lowstands and channels were cut across the basin (Tjia, 1994) .
PETROLEUM OCCURRENCE
There is spatial overlap between the Oligocene-Miocene Lacustrine TPS that has a lacustrine signature (370301) and the Miocene-Coaly Strata TPS that has a coaly signature (370302) (Fig. 4) . In general, the Oligocene-Miocene Lacustrine TPS contains reservoirs older and deeper than the Miocene-Coaly Strata TPS. There are some oils in interval I (Fig. 3 ) that show both a coaly and lacustrine origin (McCaffrey and others, 1998) . It is unclear with the data available if these reservoirs were filled by a mixture of oils that migrated vertically up from the Oligocene-Miocene Lacustrine TPS and vertically down from the Miocene-Coaly Strata TPS or if they were filled by oil derived from a mixed source rock within the I interval. For the purposes of this study these mixed reservoir oils are placed in the Oligocene-Miocene Laustrine TPS Oligocene-Miocene Laustrine TPS 370301
The majority of the oil and associated gas discoveries in the province are in the southeast and the majority of these belong to the South Malay Lacustrine AU. To the northwest, the AU has had mainly gas/condensate discoveries. To the far north of the province in the Khmer Trough, a few discoveries have recently been made of both oil and gas belonging to the North Malay Lacustrine AU.
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Of the volume of estimated recoverable oil equivalent reserves in the province, 52% are in the Oligocene-Miocene Lacustrine TPS (Petroconsultants, 1996) . This system contains 68% of the oil reserves, 45% of the gas reserves, and 43% of the condensate reserves (Petroconsultants, 1996) .
Miocene-Coaly Strata Total Petroleum System 370302
The transition area in the middle of the basin, stratigraphically overlying the Oligocene-Miocene system, contains discoveries of oil, gas and condensate that belong to the South Malay Coaly assessment unit. The cause of this oil and gas distribution pattern is not clear from the literature; fractionation during migration, individual lacustrine source rock basins with oil or gas prone source rocks, and differing burial history are possibilities.
Marine transgressions and regressions deposited rocks of the H, F, E, D, B, and A
Groups (Fig. 3 ) (Ngah and others, 1996 , McCaffrey and others, 1998 , Tjia and Liew, 1996 and Tjia, 1994 . These strata are source and reservoirs for the Miocene-Coaly Strata TPS.
More than 38% of the volume of estimated recoverable reserves are in the Miocene-Coaly Strata TPS, 7% (Petroconsultants, 1996) . This system contains 17% of the oil reserves, 47% of the gas reserves, and 53% of the condensate reserves in the province (Petroconsultants, 1996) .
SOURCE ROCKS Oligocene-Miocene Lacustrine Total Petroleum System
Distinct lacustrine-sourced oils have been discussed by Creaney and others (1994) and McCaffrey and others, (1998) and might be expected from isolated rift lakes with different depositional histories. In the absence of detailed analyses, these lacustrine source rocks are combined into one total petroleum system for the purposes of this report.
The lacustrine source rock quality is good, with total organic carbon (TOC) 1-4 wt% and hydrogen index (HI) as high 750, as measured from sidewall cores and cuttings (Creaney and others, 1994) .
Geothermal gradients are reported to range from 6.3° C/100m in the northwest part of the province to 3.6°C/100m in the southern end of the basin (Robinson, 1985 ).
An average geothermal gradient, calculated from more than 100 wells in the Malay Basin, was 51.8°C/km (Mohd Firdaus Abdul Halim, 1994) . Using the range of 45-52°C/km-1 the oil window would be between 1,000m and 3,500m. This estimate places the Oligocene and Lower Miocene formations in the center of the basin in an over-mature position (Creaney and others, 1994) .
The CO 2 content in gas from the Thai 'B' structure, near Bonkot field, increases with depth and averages 32% (Du Bois, 1980 The coal and coaly shale source rocks have Pr/Ph up to 8, high oleanane, and abundant resinous compounds (Creaney and others, 1994) . These source rocks can be compared to the mangrove swamp deposits that are rich source rocks of paralic, delta plain, bay and esturine origins in other basins of Southeast Asia (Todd and others, 1997) .
TRAPS
Mid-to late Miocene transpression created anticlines that are the most important hydrocarbon traps in the province. These anticlines occur parallel to the faulted half grabens and involve sediments deposited in the thickest portion of the half graben ( Fig. 2 ) (Ngah and others, 1996 , Tjia and Liew, 1996 , Tjia, 1994 . Anticlines account for 68% of the discovered recoverable reserves in the province (Petroconsultants, 1996) . Traps described as fault block and normal fault contain 29% of the discovered reserves (Petroconsultants, 1996) . Approximately 58% of the fields listed by Petroconsultants (1996) are described as anticlines with 38% of the total fields either fault block or normal fault traps.
Post-Miocene movement on north to south oriented faults (Tjia, 1994) traps, and 98% of the stratigraphic traps (Petroconsultants, 1996) .
Miocene-Coaly Strata Total Petroleum System pproximately 45% of the recoverable reserves found in anticline traps are from the coal and coaly shale sourced reservoirs of the Miocene-Coaly Strata TPS, 28% of the fault-block and faulted traps, and 2% of the stratigraphic traps (Petroconsultants, 1996) .
RESERVOIR ROCKS
Depositional facies and burial diagenesis influence the reservoir quality in the Malay Basin. Oligocene and Early Miocene deposits are represented by mainly clean, medium-grained sandstones, Middle Miocene shallow marine deposits by fine-to medium-grained sandstones with porosity of 10% to 15%. Late Miocene estuarine deposits are dominated by fine-to very fine-grained and matrix-rich sandstones.
Bioturbation, burial compaction, and authigenic clays are the main reasons for porosity reduction. Development of secondary porosity by the dissolution of feldspar is locally important.
Oligocene-Miocene Lacustrine Total Petroleum System
The oldest producing reservoir rocks are upper Oligocene, M and L group, fluvial sandstones ( Fig. 3) (Ngah, and others, 1996 , Tjia and Liew, 1996 , and Tjia 1994 . These 14 are generally coarse-to medium-grained sandstones with porosity of 10% to 27 % and permeability averaging 400 mD (Petroconsultants, 1996) . These groups account for approximately 6% of the discovered estimated recoverable reserves of oil, gas, and condensate from lacustrine sources in the province (Petroconsultants, 1996 , McCaffrey and others, 1998 , Creaney and others, 1994 .
The K Group is interpreted to be of late Oligocene to early Miocene age (Ngah, and others, 1996 , Tjia and Liew, 1996 , and Tjia 1994 . The reservoir rocks in this group are mostly fluvial sandstone with porosity of 10-30% and permeability of up to 3000 mD (Petroconsultants, 1996) . There is some secondary porosity development from solution of feldspars at the south end of the basin due to uplift and exposure of the K Group during deposition of the J Group (Chu Yun Shing, 1992) . Cements of quartz and authigenic clays are common (Chu Yun Shing, 1992) . This group accounts for approximately 16% of the reserves of oil, gas, and condensate from lacustrine sources (Petroconsultants, 1996 , McCaffrey and others, 1998 , Creaney and others, 1994 .
Production from the Bongkot Field in Thai waters is from Malay II/III fluvial channel sandstones (Leo, 1997) . These K Group equivalents were deposited by a large delta prograding from the north. These strata sometimes directly overlie Oligocene lacustrine shales (Leo, 1997) .
The overlying J Group reservoirs consist of fluvial and shoreline deposited sandstones of early Miocene age (Nik Ramli, 1986; Ngah, and others, 1996, Tjia and Liew, 1996; Tjia 1994) . The J sandstone studied by Nik Ramli (1986) Ramli, 1986; Ngah, 1996) . These bioturbated sandstones are quartzose, with some sedimentary rock fragments. They and are moderately well-sorted, medium-grained sandstones that locally contain gravels (Chu Yun Shing, 1992) . Authigenic cements include quartz overgrowths, and kaolinite, illite, chlorite and smectite clays (Chu Yun Shing, 1992) . The J Group produces lacustrine sourced oil, gas, and condensate from reservoirs with porosity ranging from 11-30% and permeability of up to 2000 mD (Petroconsultants, 1996; McCaffrey and others, 1998; Creaney and others, 1994) . More than 20% of the discovered estimated recoverable reserves are assigned to this group (Petroconsultants, 1996) .
The lower to upper Miocene E Group was deposited in an estuarine depositional environment (Chu Yun Shing, 1992) .
The lower to middle Miocene I Group reservoir rocks are described as shallow marine. This group contains approximately 9% of the reserves in the province. Reservoir rocks have 25-30% porosity and up to 1000 mD permeability (Petroconsultants, 1996) .
The reservoirs contain condensates and oils sourced from a mix of lacustrine and coaly source rocks (McCaffrey and others, 1998).
Miocene-Coaly Strata Total Petroleum System
The middle to upper Miocene H to D groups ( sandstones. These sandstones are interpreted to have been deposited in mangrove swamps and tidal channels (Mazlan B. Hj. Madon, 1994) . These reservoirs have up to 30% porosity, 1000 mD permeability, and contain approximately 38% of the reserves of the province (Petroconsultants, 96) . These reservoirs produce predominately condensate and gas that is derived from coaly source rocks.
SEAL ROCKS
There are effective local and regional shale seals in the Malay Basin as well as sealing faults. Intraformational seals of overbank and transgressive shales seal individual channel sandstones and marine shales encase some nearshore marine sandstones (Ramli, 1986 ). The regional marine shale associated with a maximum flooding surface between groups I and H seals reservoirs older than I and may separate the two petroleum systems (Fig. 3 ) (McCaffrey and others, 1998; Tjia and Liew, 1996) . Transgressive marine shales in the Miocene-Coaly Strata TPS, like the one between groups H and F, are also effective seals where present primarily in the eastern part of the basin (McCaffrey and others, 1998).
UNDISCOVERED PETROLEUM
Undiscovered resources could be found in the Oligocene-Miocene Lacustrine TPS by drilling specific locally derived syn-rift deposits of alluvial and fluvial origin. These strata might be involved in inversion. Late rift strata of deltaic and less locally derived fluvial systems that overly the half graben basins are productive reservoirs in other provinces in the Asia Pacific region (Bishop, 2000) . Particular attention to these prospects in the Khmer Trough area could yield several large discoveries similar to those of the Sunda and Asri basins in northwest Java (Bishop, 2000) . There might also be a possibility of basin-centered-gas in the deeply buried central portions of the Malay Basin where lacustrine source rocks are overmature.
There may be numerous additional discoveries in fluvial channel and shoreline to shallow marine sandstones of the Miocene-Coaly Strata TPS since these discrete sandstones can be difficult to locate and image. These reservoirs are primarily in structural traps but stratigraphic traps could be attractive exploration targets. Low-stand valley-fill deposits and clastic delta and submarine fan systems sourced by highs to the north, southwest, and east are possibly unrecognized prospects. and others, 1998; Tjia and Liew, 1996; Tjia, 1994; Ngah and others, 1996; Akihiko and others, 1997: Hutchison, 1996 . 
